Abstract-This study examines the effects of an increase in passive stretch in endothelium-removed bovine coronary artery on oxidant-induced changes in force generation. Increasing passive stretch on the arterial segments from 5 to 20 g for 20 minutes caused a subsequent increase (PϽ0.05) in force generation to 30 mmol/L KCl or 0.1 mol/L serotonin compared with the prestretch control response. Also associated with the passive stretch were increases in superoxide detection by lucigenin and a selective increase in extracellular signal-regulated kinase (ERK) mitogen-activated protein (MAP) kinase phosphorylation measured by Western analysis. The stretch-induced increase in force generation was eliminated by inhibition of the ERK pathway by the MEK inhibitor PD98059 but not by inhibitors of the p38 MAP kinase pathway (SB202190) or c-Jun N-terminal protein kinase pathway (SP200169). Additionally, stretch-induced increases in both ERK phosphorylation and force generation were attenuated by inhibition of tyrosine kinases (genistein), src (PP2), and specific sites on the epidermal growth factor receptor (EGFR) (AG1478). Probes for oxidant signaling, including NAD(P)H oxidase inhibitors (diphenyliodonium and apocynin) or enhancement of peroxide consumption (ebselen) but not inhibition of xanthine oxidase (allopurinol), attenuated the effects of stretch on both ERK phosphorylation and force generation. Furthermore, stretch caused an increase in EGFR phosphorylation and cytosolic to membrane translocation of the p47phox NAD(P)H oxidase subunit. Hydrogen peroxide also elicited contraction through EGFR phosphorylation and ERK. In summary, stretch seems to enhance force generation via ERK signaling through an EGFR/src-dependent mechanism activated by peroxide derived from a stretch-mediated activation of the NAD(P)H oxidase, a response that may contribute to hypertensive alterations in vascular reactivity. Key Words: stretch Ⅲ mitogen-activated protein kinases Ⅲ NAD(P)H oxidase Ⅲ hydrogen peroxide Ⅲ oxidant signaling T here is recent evidence that mechanical stretch can increase reactive oxygen species (ROS) production 1 and that ROS may be involved with the myogenic response of the microcirculation. 2 In addition, extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal protein kinase (JNK), subsets of the mitogen-activated protein (MAP) kinases, have been shown to be activated by mechanical 3,4 and pulsatile 5-7 stretch as well as oxidants such as peroxide. 8 Recent studies on the mechanisms of myogenic responses have detected evidence that both the p38 and ERK MAP kinase pathways mediate this response. 9 However, myogenic responses are not observed in conduit arteries, and evidence for oxidant-induced activation of the MAP kinases has generally been derived from studies in cultured cells, and their subsequent involvement in stretch-induced contractile responses has not yet been established.
T here is recent evidence that mechanical stretch can increase reactive oxygen species (ROS) production 1 and that ROS may be involved with the myogenic response of the microcirculation. 2 In addition, extracellular signal-regulated kinase (ERK), p38, and c-Jun N-terminal protein kinase (JNK), subsets of the mitogen-activated protein (MAP) kinases, have been shown to be activated by mechanical 3, 4 and pulsatile [5] [6] [7] stretch as well as oxidants such as peroxide. 8 Recent studies on the mechanisms of myogenic responses have detected evidence that both the p38 and ERK MAP kinase pathways mediate this response. 9 However, myogenic responses are not observed in conduit arteries, and evidence for oxidant-induced activation of the MAP kinases has generally been derived from studies in cultured cells, and their subsequent involvement in stretch-induced contractile responses has not yet been established.
Preliminary observations from our laboratory have demonstrated that brief stretching of the coronary vessels increases lucigenin-enhanced chemiluminescence, 10 consistent with previous findings 1 of a stretch-induced increase in superoxide production. Furthermore, these conduit vessels seem to show a novel increased contractile response after exposure to a period of stretch. In preliminary studies using specific inhibitors of the ERK, p38, and JNK MAP kinases, we determined that the ERK MAP kinase signaling appeared necessary for observation of this phenomena and that passive stretch caused a significant increase in ERK, but not p38 or JNK, phosphorylation. Because we found that stretch selectively enhanced ERK phosphorylation and that inhibition of the ERK pathway by the MAP kinase kinase (MEK) inhibitor PD98059 attenuated the stretch-induced enhancement of contractility, we examined whether concurrent increases in superoxide produc-tion, MAP kinase activation, and enhanced contractile function were coincidental in nature or instead an interrelated phenomena. In this study we investigated the following: (1) whether oxidant species and their subcellular targets could play a role in modulation of vascular tone; (2) specifically if and how mechanical stretching could activate oxidase activity and superoxide production; (3) the role members of the redox-sensitive ERK MAP kinase cascade might play in the modulation of this response; and (4) the potential role of hydrogen peroxide and epidermal growth factor receptor (EGFR) activation in the signaling mechanism used to activate ERK.
Materials and Methods

Force Measurement
Isolated endothelium-removed arterial rings were prepared from left anterior descending or circumflex bovine coronary artery (BCA) of calf hearts obtained from a slaughterhouse immediately after slaughter, by adaptation of previously discussed methods. 11, 12 In all experiments, the endothelium was removed by gentle rubbing of the lumen of the vessel. Briefly, arterial rings were mounted on wire hooks attached to Grass (FT-03) force displacement transducers for measurement of changes in isometric force on a Grass Instruments polygraph. Arteries were incubated for 1 hour at an optimal passive tension of 5 g in individually thermostated 10-mL tissue baths perfused with Krebs bicarbonate buffer, pH 7.4, at 37°C, gassed with 21% O 2 , 5% CO 2 , and balance N 2 . After 1 hour of equilibration, the vessels were depolarized with Krebs bicarbonate buffer containing KCl in place of NaCl (final concentration, 130 mmol/L KCl). The vessels were then reequilibrated with Krebs bicarbonate for 1 hour before conducting the experiments. The rings were then contracted with 30 mmol/L KCl under 21% O 2 to obtain a control contractile response. In some arteries, stretch-induced force (passive force of 20 g above baseline) was applied to rings for 20 minutes and then returned to basal 5 g of tension. After maximal contraction to a second exposure to 30 mmol/L KCl, the vessels were flash frozen in liquid nitrogen and additionally analyzed via Western blotting. In some studies, arteries were exposed to hydrogen peroxide during the second contraction to 30 mmol/L KCl, or the effects of stretch on the contraction to 0.1 mol/L serotonin were examined. An experimental tracing of the entire protocol can be seen in Figure 1 . Alterations in responses to poststretch contraction to KCl were examined via incubation with the following probes 30 minutes before the period of stretch: 100 mol/L apocynin (Fluka), 1 mol/L AG1478, 1 mol/L PP2 (Cell Signaling Technology), 10 mol/L genistein, 10 mol/L PD98059, 50 mol/L SB202190, 1 mol/L SP200169, 100 mol/L ebselen, 10 mol/L diphenyliodonium (DPI), or 100 mol/L allopurinol (all from Sigma). Data are reported as the increase in force caused by 30 mmol/L KCl above the 5 g of stretch-induced passive force and normalized to contraction to 30 mmol/L KCl in each artery before exposure to stretch and the probes examined.
Superoxide Production
Measurements of superoxide levels on exposure to changes in stretch were conducted using the methods used for measurement of force in a single-photon-counting chemiluminescence detection apparatus constructed in a light-tight box. 11 In these experiments, coronary artery rings were incubated in Krebs bicarbonate buffer containing 10 mol/L lucigenin in a continuously gassed cuvette mounted in a thermostated cell holder in front of a photomultiplier tube (Thorn EMI, model 9235B). Photon counting was used to quantitate chemiluminescence. The counts were integrated over 5-second periods, and the analog signal of the integrated counts was continuously recorded on a Grass Model 7 Polygraph together with changes in force.
Western Blotting
Frozen arterial segments were pulverized under liquid nitrogen and placed in a homogenization buffer (60 mmol/L Tris, 10 mmol/L EGTA, 2 mmol/L EDTA, protease and phosphatase inhibitor cocktails [Sigma], pH 7.5). The tubes were spun, the supernatant isolated, and protein levels assayed (Bradford method 13 ) for each sample. Ten micrograms of each sample was loaded and run on 12% SDS-PAGE gels, transferred to supported nitrocellulose membranes, and subsequently exposed to primary and secondary antibodies in 5% Milk/ TBS-Tween buffers and detected by ECL on autoradiography film. Densitometric analysis was used to quantitate protein levels; phosphorylated enzymes were normalized to total form and then expressed as percent of the control condition. Total and phosphorylated forms of ERK and EGFR antibodies were from Sigma/RBI (St Louis, Mo); p38 and JNK were from Cell Signaling Technology (Beverly, Mass); p47phox antibody was from Santa Cruz (Santa Cruz, Calif); and secondary anti-rabbit and anti-mouse antibodies were from Sigma/RBI.
NAD(P)H Oxidase Subunit Localization
Studies were used via differential centrifugation and subcellular fractionation to identify localization of the NAD(P)H oxidase subunits using Western blotting with commercially available antibodies to p47phox. Briefly, arterial ring segments were freeze clamped either before or in a stretched state after a 20-g passive stretch for 20 minutes. The tissue was then pulverized with mortar and pestle under liquid nitrogen and additionally homogenized in a sucrosecontaining buffer (250 mmol/L sucrose, 10 mmol/L HEPES, protease inhibitor cocktail [Sigma], pH 7.4), and the tubes were briefly spun to remove debris. The supernatant was removed and subjected to stepwise centrifugation, first to 10 000g for 10 minutes to isolate mitochondria (discarded) and then to maximum 20 800g. The pellet Figure 1 . A, Simultaneous tracings of 10 mol/L lucigeninenhanced chemiluminescence for determination of superoxide levels (top) and changes in force (bottom). Note that active contraction to KCl does not alter, whereas a passive stretching and release does alter, superoxide levels in BCA segments. B, Summary data (nϭ8) of stretch-induced changes in superoxide production as measured by 10 mol/L lucigenin-enhanced chemiluminescence and the effect of the probes 1 mol/L PP2, 0.1 mmol/L apocynin, and 10 mol/L PD98059.
containing membrane fragments was resuspended in 100 L of homogenization buffer. Both the resuspended pellet and the supernatant (cytosolic fraction) were additionally analyzed via Western analysis (described above) with the p47phox subunit antibody.
Statistics
Student's two-tailed t tests were used to assess significance of changes in force generation to 30 mmol/L KCl of the treatments examined compared with the control contraction to KCl. ANOVA with a post hoc Student's t test using a Bonferroni correction was used to determine significance between experimental groups. Values were represented as meanϮSEM, and PϽ0.05 was used to determine statistical significance.
Results
Stretch-Dependent Alterations in Contractility and the Detection of Superoxide
Preliminary experiments indicated that a brief period of passive stretching of the vessel ring to approximately the maximal level of active force normally generated by these vessel segments causes subsequent increases in superoxide generation and the force developed on exposure to 30 mmol/L KCl. A 20-minute period of stretch was chosen for the study because it caused stable increases in superoxide for longer than a 1-hour period. Time-controlled contractions in unstretched coronary arterial segments developed 5.3Ϯ0.6 g of force above 5 g of passive stretch-induced force, compared with 9.5Ϯ0.5 g of force in the arteries exposed to stretch or approximately double (186Ϯ10%) that seen in prestretched controls. A similar phenomenon was observed to an alternative contractile agent, 0.1 mol/L serotonin, wherein stretch caused a 178Ϯ19% increase in force generation to the same dose of serotonin. As shown by the typical experiment in Figure 1A , concurrent measurement of ROS production revealed a 72% (nϭ8) increase in the 10 mol/L lucigenin chemiluminescence-detectable superoxide anion production during the period of stretch. On return of the vessel to the prestretch 5 g of passive force subsequent to the period of stretch, superoxide levels increased an additional 25%, approximately doubling the original prestretch resting levels (see Figure 1 ). Vessels stretched while being continuously gassed under nitrogen did not demonstrate an enhancement in contractile function (115Ϯ21%, nϭ6), yet, interestingly, on reoxygenation and repeat of the stretch under normal aeration, the stretch response returned (181Ϯ25%, nϭ6), suggesting a role for oxygen in the changes that are observed. Furthermore, Western analysis of stretched coronary arteries ( Figure 2 ) demonstrated a 2-fold increase in the levels of the phosphorylated form of ERK (196Ϯ25%, nϭ12) without increasing the expression of these enzymes; the phosphorylation states of p38 (108Ϯ15%, nϭ8) and JNK (91Ϯ21%, nϭ5) MAP kinases remained unchanged by stretch compared with unstretched control.
Evidence That ROS Mediate the Actions of Stretch
In an effort to elucidate the mechanism involved in the altered contractile reactivity of the vessel induced by stretch and to determine if superoxide levels were indeed central to the mechanism or simply coincidental in nature, we used a variety of probes to analyze changes in force generation ( Figure 3A ) and ERK phosphorylation ( Figure 3B ). Treatment with 50 mol/L allopurinol, a xanthine oxidase (XO) inhibitor, did not prevent the increase in either superoxide production or poststretch contraction. However, an inhibitor of flavoproteins, which include the NAD(P)H oxidase present in BCAs, 11 10 mol/L DPI, attenuated the contractile response to stretch by an average of 75%. In addition, a more specific inhibitor of the NAD(P)H oxidase, 100 mol/L apocynin, which prevents the complexing of the cytosolic-tomembrane-bound subunits of the oxidase thought to be necessary for activation, 14,15 also prevented the stretchinduced increase in force generation ( Figure 3A ) and superoxide ( Figure 1B) .
Changes in ERK phosphorylation caused by stretch were measured in the same animals by examining ring segments from the force generation experiments frozen at the end of the protocol in a contracted state. The stretch-induced doubling of ERK phosphorylation was inhibited by stretching the vessel segments while under hypoxia (Figure 2A ). Additionally, the increase in phosphorylation was reduced an average of 85% by DPI and 64% by apocynin, whereas the xanthine oxidase inhibitor allopurinol did not prevent the increase in ERK phosphorylation caused by stretch ( Figure 3B ). Hence, the ERK phosphorylation changes seem to parallel the changes in force generation ( Figure 3A versus Figure 3B ), suggesting a possible mechanistic link between the two through comparison of the summary data (online Tables 1 and 2 , available in the data supplement at http://www.circresaha.org).
To additionally differentiate between possible oxidant mediators of the stretch phenomenon, the glutathione peroxidase mimetic, 0.1 mmol/L ebselen, 12 was used to scavenge peroxide formed via action of cellular oxidases and superoxide dismutases. Vessels treated with ebselen and then stretched showed no significant difference from unstretched vessels; the stretch-enhanced increase in force generation was inhibited by 83%. Ebselen also attenuated the stretch-induced increase in ERK phosphorylation by 65% (Figure 3) . These data implicate superoxide-derived hydrogen peroxide as a participant in the stretch-induced enhancement in contractility seen in these arterial segments.
ERK MAP Kinase Inhibition Attenuates the Actions of Stretch on Force Generation
Recent evidence suggests that oxidants may activate the ERK family of MAP kinases, which have been shown to promote contraction, possibly through the phosphorylation of caldesmon or calponin, two mediators of the contractile apparatus. 16 -18 To determine if this pathway was involved in our model, changes in ERK phosphorylation were measured by Western analysis in parallel with changes in force. The activation of MEK was inhibited by 10 mol/L PD98059, a probe that specifically and reversibly prevents phosphorylation and subsequent activation of ERK. 19 As indicated by the summary data in Figure 4 , the MEK inhibitor attenuated the stretch-induced increase in force generation without altering the control response to either KCl or serotonin. For example, the MEK inhibitor reduced the expression of this increase in force attributable to stretch by up to 85%, whereas the contraction to 30 mmol/L KCl or 0.1 mol/L serotonin was not altered by the presence of the MEK inhibitor in unstretched time-control vessels. The presence of the MEK inhibitor PD98059 also reduced the phosphorylation of ERK to 64Ϯ19%, nϭ8, in the stretched vessels and decreased the levels of phosphorylation by 82Ϯ15%, nϭ8, in the control arteries. Similar experiments were conducted with inhibitors of the p38 (50 mol/L SB202190 20 ) and JNK (1 mol/L SP200169) MAP kinase pathways. Neither SB202190 nor SP200169 significantly attenuated either the increase in contractile response or ERK phosphorylation caused by stretch, and neither inhibitor significantly altered ERK phosphorylation levels (see Figure 4) . Additionally, neither the pharmacologic probes nor the vehicle 0.1% DMSO altered contractile responses in arteries that were not exposed to stretch (see online Table 2 ).
Involvement of EGFR and src in Stretch-Induced Signaling
We next examined upstream of ERK in an attempt to dissect the pathway activated by the initial peroxide- protein interaction. The tyrosine kinase inhibitor 1 mol/L genistein prevented both the increase in force generation (69Ϯ15%, nϭ6) and ERK phosphorylation (65Ϯ35%) caused by stretch, thus suggesting a role for protein tyrosine kinases in our model. The EGFR and its associated signaling, including src, a tyrosine kinase related to EGFR signaling pathways, have recently been implicated as being potentially redox sensitive 21 and involved in stretch-induced ERK activation. 6 Western analysis using antibodies to tyrosine residues of the EGFR known to lead to ERK pathway activation (Tyr 1068) 21 indicates that stretch causes a 174Ϯ36% increase in phosphorylation over control conditions ( Figure 5 ). Furthermore, a specific inhibitor of src, PP2, 22 and an inhibitor of EGFR tyrosine kinase, AG1478, 23 prevented both the stretch-induced increases in EGFR phosphorylation and downstream ERK phosphorylation (115Ϯ18%) and the enhancement in the contractile response (96Ϯ22%) caused by stretch ( Figures  4 and 5B). Because src has been reported to promote a prolonged activation of NAD(P)H oxidase, 24 the PP2 inhibitor was used to examine whether src contributed to stretch-induced oxidase activation. As shown in Figure 1B , the increase in superoxide derived by stretch was not altered by src inhibition with PP2.
Hydrogen Peroxide Elicits Contraction Through EGFR and ERK
The effects of the AG1478 EGFR inhibitor and the PD98059 ERK inhibitor on responses of arteries precontracted with 30 mmol/L KCl to 0.1 mmol/L and 1 mmol/L hydrogen peroxide were examined. As shown in Figure 6A , the modest relaxation to 0.1 mmol/L was enhanced and the contraction to 1 mmol/L peroxide was converted to a relaxation by the EGFR and ERK inhibitors. Peroxide (1 mmol/L) was also observed to cause an increase in EGFR phosphorylation at Tyr 1068, which was inhibited by AG1478 ( Figure 6B ), and increase ERK phosphorylation, which was attenuated by both AG1478 and PD98059 ( Figure 6C ).
Stretch-Induced Translocation of Oxidase Subunits
The NAD(P)H oxidase is composed of cytosolic and membrane-bound subunits that complex to form the active, superoxide-generating unit. 15, 25 We used antibodies to the cytosolic p47phox subunit of the oxidase and differential centrifugation techniques to determine whether stretch caused a translocation of this subunit to the membrane. Figure 7 demonstrates an increase in p47phox levels in the membrane fraction of stretched tissues versus unstretched controls. In stretched vessels, p47phox levels increased to 154Ϯ40% of control in the membrane and decreased to 62Ϯ22% of control in the cytosolic fraction, suggesting that a translocation is occurring under stretch. Furthermore, the presence of 100 mol/L apocynin attenuated the apparent membrane translocation of p47phox (summary data in Figure 7B ).
Discussion
In this study, we found evidence for a stretch-induced, oxidant-dependent enhancement of contractile force via activation of the NAD(P)H oxidase and a subset of the MAP kinase signaling pathway. Stretch caused a selective increase in ERK, but not p38 or JNK, phosphorylation without increasing its expression, and inhibition of ERK by the selective MEK inhibitor PD98059 attenuated the increase in both phosphorylation and force generation, whereas p38 and 
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JNK inhibition did not. Furthermore, both the changes in force development and ERK activation seem to involve a ROS-dependent activation of the EGFR, because probes that targeted the NAD(P)H oxidase, scavenged superoxidederived peroxide, or inhibited EGFR phosphorylation linked to ERK activation all prevented the stretch-induced enhancement in both force development and ERK phosphorylation.
Stretch-Induced Oxidant Production and the Role of NAD(P)H Oxidase
It has been shown previously that increased transmural pressure can cause an increased production of superoxide in the vessel wall. 26 Additionally, mechanisms have been suggested for the role of oxidant species in both myogenic tone and in the mediation of wall shear stress mechanotransduction pathways. A recent study of the myogenic response in rat arteries and arterioles found the response to be abrogated by either the scavenging of peroxide or inhibition of NAD(P)H oxidase. 2 The present study demonstrates that stretch, an additional physiologically relevant force in vivo, has a ROS component in large conduit arteries as well. The prolonged increase in superoxide production remained elevated for more than 1 hour after the cessation of stretch, suggesting an activation of an oxidase source being caused by the physical force.
The two likely potential sources of this stretch-induced increase in superoxide levels are the flavin-containing proteins XO and NAD(P)H oxidase. In this study, we demonstrate that poststretch increases in force generation are attenuated by the scavenging of peroxide via the glutathione peroxidase mimetic ebselen, the NAD(P)H oxidase-specific probe apocynin, and the flavoprotein-inhibitor diphenyliodonium but not by the inhibition of XO. These data are consistent with previous observations from our group 11 detecting high DPI-inhibitable NADH oxidase activity and low XO activity in BCA, suggesting that an NAD(P)H oxidase could potentially be the source of stretch-induced superoxide production. Paralleling changes in force generation, the stretch-induced increase in ERK phosphorylation was also inhibited by DPI, apocynin, and ebselen but not allopurinol. Hence, there seems to be a prominent role for ROS in the stretch response, in particular a superoxide-derived hydrogen peroxide activation of the ERK MAP kinase cascade. Because these probes did not inhibit basal levels of ERK phosphorylation in unstretched arteries contracted with KCl or serotonin, mechanisms involving ROS do not seem to contribute to the basal activation of ERK under these conditions.
As previously mentioned, the nonphagocytic NAD(P)H oxidase is comprised of both cytosolic and membrane-bound components. Combinations of the cytosolic p47phox, p67phox, and rac-1 associate, translocate to, bind, and activate the membrane-bound complex composed of the p22phox and gp91phox (or nox homologue) subunits. 25 Cytosolic subunit binding is thought to reduce molecular oxygen to superoxide. Apocynin has been shown to prevent the binding of the cytosolic subunits of the NAD(P)H oxidase to the membrane-bound p22phox/gp91phox subunits, preventing oxidase activation and subsequent production of superoxide. 14, 15 Additionally implicating the NAD(P)H oxidase in the response to stretch, incubation of vessels with apocynin prevented the stretch-induced increase in force generation, superoxide detection, and ERK phosphorylation while having no statistically significant effect on either component in the unstretched controls segments.
Oxidase Activation by Stretch
To determine the causal role for stretch in oxidase activation, the translocation of the cytosolic p47phox subunit to the membrane oxidase subunits was targeted for Western analysis. Arterial segments that were either exposed to a 20-minute passive stretch or not were then processed additionally by differential centrifugation for the isolation of cytosolic and membrane fractions and compared for relative change in p47phox subunit levels by Western analysis (Figure 7) . Because of basal activity of the oxidase, it was assumed that some p47phox might be present in the membrane fraction under resting, unstretched conditions but that increases in overall p47phox levels would be caused by stretch. Indeed, the amount of p47phox found in the membrane fraction increased by Ͼ50% of control unstretched levels because of stretch, while decreasing in the cytosolic fraction by a similar amount (46%). This suggests that a translocation of the p47phox subunit is a result of the mechanism of oxidase activation by stretch. As expected, we did find p47phox protein in control unstretched arterial membrane fractions, and this potentially contributes to the observed low basal activity of the oxidase. Interpretation of these data allows us to begin to implicate a specific mechanism of activation of the NAD(P)H oxidase coupled to a subsequent ROSmediated signaling in the contractile changes caused by physical stretch.
Stretch-Induced Protein Tyrosine Kinase and ERK MAP Kinase Signaling
The involvement of ROS in multiple cellular signaling processes has been established and discussed previously in review articles. 27, 28 In cultured smooth muscle cells, ERK phosphorylation through activation of the EGFR has been shown to be stimulated by mechanical stretch, [5] [6] [7] and in vivo balloon catheterization stretch of porcine arteries also promotes ERK phosphorylation. 4 Evidence for ROS-dependent linkage of physical forces to MAP kinase activation has been demonstrated in pulsatile-stretch experiments in vitro 6 as well as to receptor mechanisms in cell culture studies; however, these studies have focused on their role in the apoptotic and hypertrophic growth pathways involving the MAP kinases 4, 6 instead of a possible contractile function. In this study, we demonstrate that stretch of BCAs causes a selective activation of the ERK MAP kinase pathway and that the subsequent expression of enhanced force generation is attenuated by selective inhibition of MEK. Although others have shown p38 or JNK to be affected by stretch 29 -31 and possibly modulate smooth muscle contraction via ERK phosphorylation of caldesmon, 31 our results show no evidence for either changes in p38 or JNK phosphorylation by stretch or changes in force generation after inhibition in our model. The inability of the ERK inhibitor to alter contraction in unstretched KCl or serotonin control vessels may have a 2-fold importance. First, PD98059 in BCA does not demonstrate nonspecific effects on K ϩ channels as has recently been suggested. 32 Second, the basal activation of these pathways does not seem to contribute to resting force generation, but instead ERK signaling may be of increased importance under pathological conditions, such as increased pressures.
The initial peroxide-protein interaction remains poorly understood. Superoxide and peroxide have been implicated in the activation of tyrosine kinases and inhibition of phosphatases both by direct interaction 33 as well as indirectly via ROS signaling from upstream mediators such as focal adhesion kinase 34 and angiotensin II type I receptor activation. 24 The findings presented here support roles for src activation and EGF receptor phosphorylation signaling in the ERKmediated response to stretch. Exogenous hydrogen peroxide was observed to activate contraction through the EGFR-ERK pathway and to stimulate a previously studied relaxation response that seems to be mediated through cGMP. 11, 12, 35 We are presently unable to exclude the possibility of additional signaling components, including phosphatases upstream of src or EGFR, as the site of action of peroxides. However, the absence of detection of a relaxation response to stretch after inhibition of ERK suggests that the NAD(P)H oxidase involved may be located in the proximity of src and EGFR.
Influence of Stretch-Induced ERK Signaling on Vascular Function
This study seems to provide novel functional evidence for the model shown in Figure 8 , linking stretch to a prolonged activation of NAD(P)H oxidase and a peroxide-mediated stimulation of ERK MAP kinase through a src-EGFR signaling pathway and enhancing arterial contractile responses in BCAs. Although the mechanism promoting p47phox subunit translocation leading NAD(P)H oxidase production of superoxide anion remains unclear, recent evidence suggests that integrin and subcellular structural proteins such as actin fibers may be involved in cellular mechanotransduction pathways. 36 Recent findings also suggest that ERK signaling may ultimately alter contractile function through changes in Ca 2ϩ or modulation of contractile regulatory proteins, including caldesmon and calponin, leading to altered actin-myosin crossbridge interaction. 16 -18 In arterioles, wall stress seems to activate both force generation and growth-mediated responses through src-dependent ERK-mediated mechanisms, and the resulting myogenic tone is thought to reduce wall stress and expression of the remodeling response. 37 The stretch-induced enhancement of reactivity to contractile agents observed in the present study could be of importance in enhancing the reactivity of conduit arteries and controlling remodeling responses under hypertensive conditions. Figure 8 . Model of the proposed mechanism by which stretch alters contractile function in BCA through activation of NAD(P)H oxidase and the ERK MAP kinase pathway. PD98059 indicates MEK inhibitor; SB201290, p38 inhibitor; SP200169, JNK inhibitor; PP2, srcspecific tyrosine kinase inhibitor; and AG1478, EGFR tyrosine kinase inhibitor.
